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Abstract—Parallel connection of converters is a convenient
choice when system capacity is to be increased. Parallel-connected
voltage source converters, especially neutral point clamped converters, are one of the best choices for its range. However, with the
parallel connectivity, the converter possesses a circulating current
in its legs, which consequently threatens the safe operation of the
system. To alleviate this circulating current problem, in this paper, a double deadbeat (DD) plus repetitive control (RC) scheme is
proposed. The RC scheme is employed to mitigate the circulating
currents and the DD loop control scheme is employed to achieve
a high operating bandwidth for voltage and current characteristics. Furthermore, the DD loop is associated with an adaptive
controlling technique, which adjusts internally by itself and provides better performance for nonlinear loads. The proposed DD
method forces the equivalent system elements to be placed outside
the closed loop, which does not affect the system stability. Initially,
the system has been executed with a conventional proportional +
integral scheme and then with the proposed DD + RC scheme. The
proposed method is verified by implementing a Simulink model in
the OPAL-RT platform. Furthermore, the proposed method is built
with a prototype, and its results are explored.
Index Terms—Deadbeat control (DB) scheme, microgrids, parallel converters, repetitive control scheme.

I. INTRODUCTION
ARALLEL power converters are one of the convenient
ways to increase the power rating of the systems, where
reliability and efficiency can also be increased to a great extent. Pulsewidth modulation (PWM) based converters for drives
application, grid-connected inverters, uninterrupted power supply systems, and distributed generation based microgrid system
are typical application areas, where the paralleling concept of
the converters/inverters can be used effectively [1]–[6]. Neutral point clamped converters (NPCCs) are a preferred topology
for medium voltage ranges, which effectively improves the system level output voltage profile with less harmonic content, and
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hence reduces the filtering requirement and system size. However, due to the parallel connection, circulating currents appear
among legs [2]. This deteriorates the system performance and
threats the safety operation of converter switches [2]. Several
methods have been proposed in the literature to reduce circulating currents among the legs of the converter, which is critiqued
in [3] and [4]. Among them, repetitive controller (RC) and deadbeat control (DB) scheme are very promising.
RC can provide a promising solution where periodic disturbances are present in feedback systems. Theoretically, a suitably designed RC can track the periodic reference signal or/and
reject exogenous periodic disturbances with zero steady-state
error even in the presence of model uncertainties. An advanced
closed-loop RC to suppress various harmonics has been proposed in [5], where the sluggish response of a typical RC is
overcome by paralleling with a proportional + integral (PI)
controller. Furthermore, the stability of the combined controller
has been ensured.
The DB scheme is also proven to be an advantageous control scheme for parallel-connected voltage source converters
(VSCs). Various DB schemes have been developed in [6] and [7]
to eliminate the circulating current problem, where the converters are sharing both common dc bus and paralleled in the ac side
as well. This scheme [6] is shown to work in a grid-connection
mode with non-standard LC/LCL filter and is able to achieve
the broader bandwidth for its current characteristics. A reduced
order DB scheme has been implemented in [8] for distribution
static compensator application, which simplifies the design of
the controller for its dynamic states. A double deadbeat (DD)
control scheme has been implemented for its voltage and current
loops [9]. This may effectively reduce the voltage and current
harmonics, but due to its non-decoupling nature, all the control
parameters are sensitive to loads, which may affect the system
stability. To overcome the drawback, a decoupled DB scheme
has been implemented in [10]. This scheme in [11] controls the
circulating currents in the legs of the converter by using space
vector modulation (SVM) methods. This SVM method adjusts
its zero vector to block the circulating currents. However, it
[11] did not discuss the effect of parameters on the proposed
control scheme. Another SVM scheme in conjunction with the
DB scheme has been implemented to mitigate the circulating
current in [7]. With the usage of the SVM scheme, the converter
switches have to be operated with high speed, which may incur
switching losses affecting the system efficiency. Cost of implementation of the control scheme plays a very important role.

1937-9234 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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To reduce the cost of implementation, a cost-effective control
scheme based on a DB strategy has been applied and implemented to a wind energy system [12]. Furthermore, some more
modifications have been done for the DB scheme in terms of
its predictive approach for voltage/current waveform [13], [14].
Despite the advantages, the challenges of the DB design problem
are 1) limitation due to inherent plant delay and 2) sensitivity to
plant uncertainties [15]. This has been effectively addressed by
combining the RC with DD control in this paper. Topology wise
a five-level NPCC with its parallel scheme is an excellent choice
due to its simplicity and practical implementation in paralleled
connectivity. A single-phase NPCC with a deadbeat predictive
control scheme has been implemented [16]. This discussion is
limited to only single-phase applications, because of its railway track application. However, the application of a deadbeat
controller to permanent magnet synchronous motors is proven,
perhaps the problems of circulating current were not alleviated [17]–[20]. To overcome the above-mentioned drawbacks, a
comprehensive controller with a DB scheme in conjunction with
a customized repetitive control scheme has been proposed in this
paper. The deadbeat current control technique is inherently the
fastest control strategy that can be adopted. With DB, in principle, the current loop replicates exactly the current reference with
a two-cycle delay. However, the control is based on an internal
model of the converter load, and therefore inherently sensitive
to model and parameter mismatches. Unfortunately, parameter
mismatches are always encountered in practice. In the presence
of a model mismatch, significant deviations from the expected
closed-loop performance can take place (instabilities or lightly
damped oscillations). Application of the RC scheme can negate
this impact and, hence, is also utilized to mitigate the circulating
currents in the legs of the converter independently.
The main contributions of the paper can be summarized as
follows.
1) Implementation of combined DD plus repetitive control
scheme to three-phase five-level parallel NPCCs.
2) Designing a circulating current control scheme, which
combines the effect of two parallel controllers, namely, a
PI controller and a modified odd harmonic higher-order
repetitive control (OHHORC).
3) System implementation with various linear/nonlinear
loads having disturbance rejection property in its control.
4) Most importantly, the proposed scheme can be easily expanded and modified for larger systems as well.
This paper is broadly categorized into six sections. After the introduction and literature reviews in the first section,
Section II deals with the problem statement associated with the
parallel-connected scheme. Section III discusses the proposed
circulating control scheme. Section IV deals with the proposed
deadbeat plus repetitive controller and its results are presented
in Section V. Finally, the paper concludes with Section VI.
II. PODPWM AND CIRCULATING CURRENT SCHEME
The basic diagram describing the proposed scheme is shown
in Fig. 1. It mainly consists of distributed generation systems
(DGS), such as diesel energy power generating (DG) systems,

Fig. 1.
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Proposed system configuration.

solar photovoltaic systems, and fuel cell system that are connected to a common dc bus with a circuit breaker. However,
the proposed scheme focuses on the parallel connection of an
inverter-connected distributed generation bus system. This is
then given to the VSCs for dc–ac conversion. In this paper,
three-phase five-level NPCCs are connected in parallel to increase the current-carrying capacity to cater large quantity of
loads. With the parallel connectivity, circulating current will
exist in the system. There are mainly three ways to reduce the
circulating currents in the parallel-connected inverters.
1) To use a delta-connected transformer at the end of the
converter to interface with the load. But the usage of a
bulky transformer increases not only the size but also the
cost.
2) By not providing the circulating path for harmonic components will be the second option, so that this scheme may
require to operate with extra solid state switches, which
again increases the complexity and losses of the system.
3) Each inverter is to operate with isolated dc power supply.
Providing isolated supplies for VSCs is a difficult and cost
involving task. Hence, a unified controller is required to
mitigate the circulating currents.
The basic parallel-connected five-level NPCC is shown in
Fig. 2. Each converter consists of 12 switches in total, i.e.,
S1 , S2 , . . . , S12 for converter 1 and S13 , S14 , . . . , S24 for converter 2.
This converter is fed with a phase opposition and disposition pulsewidth modulation scheme (PODPWM) [21], which is
shown in Fig. 3(a). This scheme is given in [21] for a threephase three-level converter. However, a five-level converter is
operated with four carrier waves in the upper half (0 to 1) and
four carrier waves the lower half (0 to –1) with its modulation index “M” varying between 0 and 1. Carrier signals are
compared with a single sine wave reference. When the carrier
signal is greater than the reference signal, high pulse enables the
respective switches. The resultant contour plot for a five-level
NPCC applied PODPWM scheme is shown in Fig. 3(b) and
1
). The
this is drawn with a natural sampling of ϕ = cos−1 ( 2M
switching scheme for the five-level NPCC is given in Table I.
The contour plot describes the voltage as per switch states given
in Table I, where ωr , ωc represent the angular frequency of
the reference wave and the frequency of the carrier wave, respectively. The modulation index “M” is decided by the current
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equivalent circulating direction is shown in Fig. 4:
iCir1 = −iCir2 = iR 1 + iY 1 + iB 1 = −iR 2 − iY 2 − iB 2 .
(4b)
The terminal voltages and its circulating currents can be written as given in (5) and (6)
L1 (iR 1 + iY 1 + iB 1 ) + VR 1 + VY 1 + VB 1
3
L2 (iR 2 + iY 2 + iB 2 ) + VR 2 + VY 2 + VB 2
V2 =
3
3 (V1 − V2 )
icir1 =
.
(R1 + R2 ) + (XL 1 + XL 2 )
V1 =

(5)
(6)
(7)

Here, iR 1 + iY 1 + iB 1 is the current passing through “R”,
“Y”, “B” phases of NPCC 1, respectively, and similar will be
true with subscript “2” for NPCC 2.
III. PROPOSED CIRCULATING CURRENT CONTROL SCHEME

Fig. 2. Three-phase five-level parallel-connected neutral point clamped
converter.

reference, which will be discussed in subsequent sections. When
multiple/many converters are connected in parallel to a single
dc bus, the circulating currents will flow through the legs of the
converter. Fig. 4 shows the simplified circuit in Fig. 1, where
V1 , V2 are the voltage across inverters 1 and 2, respectively.
L1 , L2 , R1 , R2 are the voltage and resistance of respective
inverters with its grid voltage as Vg
Vg = V1 + I1 (R1 + XL 1 )

(1)

Vg = V2 + I2 (R2 + XL 2 ) .

(2)

A. Modeling of the PODPWM Scheme
I1 , I2 are the current passing through inverters 1 and 2,
respectively. Eq(1) = Eq(2). Therefore,
V1 + I1 (R1 + XL 1 ) = V2 + I2 (R2 + XL 2 ) .

(3)

The voltage drop across the inductor may be small due to
its low resistance compared to the grid voltage. Then, one can
obtain the following equation:
V1 + I1 (JωL 1 ) = V2 + I2 (JωL 2 ) .

(4a)

B. Mathematical Modeling of the Circulating Current Scheme
The terminal voltage depends upon the scheme of PWM employed. The circulating currents will also depend upon the terminal voltages. The circulating currents in the three phases of
the two inverters have the same magnitude, but they are in the
opposite direction, as shown in the following equation, and its

The proposed circulating current control scheme combines
the effect of two parallel controllers, namely, a PI controller
and a modified OHHORC scheme. The design and purpose
of the controller components are explained in details as follows. As majority of the circulating current due to zero sequence components are odd harmonics, the reference signal
needs to be carefully constructed for perfect tracking. To enable
disturbance rejection property, a model reference signal is included in the closed-loop transfer function of the system. For
instance, the zero static error could be achieved in a step reference/disturbance by employing an integrator in the closed-loop
system. For a periodic reference signal, it can be achieved by
including a conjugate imaginary pole at the frequency ω of the
signal. To eliminate various other order frequencies, the conju1
gate imaginary poles are bundled in the form of S 2 +ω
2 . This
type is known as a proportional resonant control scheme [3].
However, the repetitive control adopts an infinite dimensional
internal model M (s) to provide a series of conjugate poles at
all harmonic frequencies [21].
To improve the stability, a low-pass filter is added in its closed
loop by a positive feedback. This scheme is employed under
repetitive frequency. This scheme is shown in Fig. 5(a) that
is provided with a null phase low-pass filter H(z) and delay
function ω(z) with feedback sign σ. The transfer function model
of the delay function is given in (9).
However, under varying frequencies, the controller performance can be improved by a weighted sum of several signal
periods. This improves the characteristic frequency response to
a broad region of harmonic components. Hence, a stabilizing
controller Gx (z) has been used in a feed-forward path, to assure
the closed-loop stability. Furthermore, to ensure stability at all
conditions, a PI control scheme has been paralleled with the
above-mentioned repetitive controller scheme and is shown in
Fig. 5(b). Furthermore, to improve the robustness of the controller, a stabilizing filter s(z) is implemented in its positive
feedback. To make it fine-tuned for critical loads, a weighted
current approach has been implemented in the feed-forward
path, as shown in Fig. 5(c).
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Fig. 3. (a) Phase opposition and disposition PWM scheme applied for a three-phase three-level parallel-connected neutral point clamped converter. (b) Contour
plot of a five-level PODPWM scheme.
TABLE I
SWITCHING SCHEME FOR THE FIVE-LEVEL NPCC

Fig. 4.
a grid.

Simplified circuit diagram of a parallel-connected NPCC connected to

The closed-loop transfer function model can be written as
K
−iN
H (z) · Gx (z)
i=1 ωi Z
(8)
Gr c (z) =
K
−iN
1 − i=1 ωi Z
H (z) · S (z)
where N = TTPs ; TP is the sampling period, Ts is the signal
period; and S(z) is the stabilizing filter. To obtain the high gain

at all frequencies, the weighted signal K
i=1 ωi = 1

k 

.
(9)
ω (z) = 1 − 1 − Z −N
And the inverter (plant) transfer function is
Gp (z) =

Ts
.
(z − 1) Lr

(10)

The transfer function model is shown in Fig. 5(d).
The overall proposed scheme is shown in Fig. 5(e).
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TABLE II
SIMULATION PARAMETERS

A. Comment on Stability
The closed-loop transfer function of the proposed scheme can
be written as
 1  T 
s
(PI
(Z)
+
G
(z))
r
c
Z
(Z −1)L
Icir (z)


=
 
Ts
Icir ∗ (z)
1 + (PI (Z) + G (z)) 1
rc

−

Z

(Z −1)L

kp (z) · Vhar (z)
 
.
1 + (PI (Z) + Gr c (z)) Z1 · kp (z)

(11)

Hence, the closed-loop poles can be written as
2 ( 2 k −1 ) π
N
1 − sgn (1 − kr )
. (12)
Z=
|1 − Kr | · e N
+π·
2
2
From the above-mentioned equation, one can easily come to
a conclusion that
 all the poles are uniformly distributed on a
circle radius N2 |1 − Kr |, where Kr is the circle radius and
Kr ∈ (0, 2). All the controller parameters are listed in Table II.
IV. PROPOSED ADAPTIVE DOUBLE DEADBEAT
CONTROL SCHEME

Fig. 5. (a) General repetitive control scheme. (b) General repetitive control
scheme with parallel P + I control. (c) Repetitive control scheme with parallel
P + I control plus weighed signal approach s(z). (d) Proposed control scheme
with the inverter. (e) Proposed HORC scheme with the inverter.

The important aspect of the design is that the proposed system
is able to provide infinite gains at all odd harmonic components,
2 ( 2 k −1 ) π
i.e., ωk = 2(2kN−1)π ∀k = 1, 2, . . . , N2 and Z = e N ·j .

The complete schematic of the DD controller is shown in
Fig. 6(a). This scheme is used to control the voltage and current
of both the converters. For the sake of simplicity, the threephase voltage/current signals have been transformed into αβ
with abc-αβ transformation as shown in (13). Similar kind of
transformation can be implemented for other converters as well.
This obtained signal has been given to the deadbeat controller.
The proposed DB scheme contains two inputs (voltage and current) from the other converters and these are compared with
(voltage/current) of converter 1
⎤
⎡
iR 1

1
1
−
1
−
iα 1
2
2
⎥
⎢
√
√
=
(13)
⎣ iY 1 ⎦ .
3
3
iβ 1
0
− 2
2
iB 1
The inherent part of the deadbeat controller is marked
in red-dotted lines. This is a nonlinear controller consisting
of nonlinear differentiator, state observer, and state feedback
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Fig. 7. System executed with and without the double deadbeat plus repetitive
controller: From top left to right, current waveform and voltage waveform before
application. From bottom left to right, current waveform and voltage waveform
after application.

its range as per the load demand and it lies between 0 and 1.
The output obtained from the converter 2 currents, command
voltage, and the overall input to the reference wave has been
given, respectively, as
iα 2 (op) = L · fPW M
Vα 2(op) ∗ =
Vα (op) =

1
z


(1/z)
(1 − 1/z)

(15)
(16)





ξ
Vα 2(op) ∗ − iα 2 (op) 1 + ξ −
.
2

(17)

Thus, the voltage and current signals are perfectly tracked
as per the load demand. The robustness of the controller has
been greatly improved by adding a filter at controller input 2.
Furthermore, there is no dependence of the repetitive controller
on the DB scheme that makes the system more effective.
V. RESULTS AND ANALYSIS

Fig. 6. (a) Proposed double deadbeat controller scheme. (b) Proposed voltage
estimator for the deadbeat controller.

mechanisms. The similar kind of cross-coupled controller can
be implemented for converter 2 as well, where “∗” indicates
that the command value is generated from the controller. The
reference signal, thus, obtained from the deadbeat controller is
then given to the PODPWM modulator and it is estimated as
Vα 1 ∗ = LfPW M [(iα 1 ∗ − iα 2 )] + 2Vα − Vα 1

(14)

where fPW M is the modulator carrier frequency, L1 = L2 = L
is the inductance of the converter, and Vα is the output obtained
from the voltage estimator. iα 1 ∗ is the command value of the
current from converter 1, and iα 2 is the nominal value of the
current from converter 2. To perfectly track and balance the
voltage of the converter, a voltage estimator has been designed
inherently with the DB scheme, as shown in Fig. 6(b).
The voltage estimator is equipped with a random parameter
“ξ”. This random parameter is seen as adaptive gain considering

The three-phase parallel-connected system has been executed
with the proposed controller in the OPAL RT platform and its
results are given below. The complete list of simulation parameters is shown in Table II. The simulated waveform without the
proposed controller scheme and with the proposed controller
scheme is shown in Figs. 7 and 8, respectively.
Initially, the modulation index “M” has been chosen as 0.9,
and later, M is changed as per the load demand/non-linear loads.
The carrier frequency of the carrier signals in the PODPWM
scheme is 1000 Hz. Under these conditions, voltage waveform
and current waveform before and after the application of the proposed scheme are shown in Fig. 7. Here, the voltage lies between
+510 and –510 V peak–peak and its load current waveform is
between +20 and –20 A peak–peak.
Without the application of the proposed controller, the circulating currents are 4 A peak–peak. The voltage and current
waveform total harmonic distortion (THD) has 27.1% THD
with the lowest order harmonic, which is 23rd order, and the
current waveform has 35.6% THD with the lowest order harmonic, which is 23rd order. Then, the system has been executed with the proposed RC + DD scheme and its results are
shown in Fig. 7. System with the proposed controller shows a
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Fig. 9. (a) Output voltage waveform and its FFT analysis. (b) Circulating
currents without and with the controller.

Fig. 8.

Experimental setup and controller response.

substantial improvement in voltage/current waveform quality
and fast Fourier transform (FFT) analysis as well. Voltage waveform shows 3.7% THD and current waveform shows 4.2% THD
at 60 Hz as its fundamental components.
The circulating currents after the implementation of the
controller have been reduced from 4 to 0.2 A. In addition,
the controller performance has been verified subjected to the
sudden change in loads. The system has been executed on an
OPAL-RT real-time simulator and then with the hardware prototype as the setup is shown in Fig. 8. In the experimental analysis,
“Texas instruments msp-exp430fr5994” digital signal processor
has been used for control logic implementation. Furthermore,
“STGW20NC60VD” IGBT is considered for its fast switching,
which utilizes the advanced power MESH process resulting in
an excellent trade-off between switching performance and low
ON-state behavior. The input voltage to the converter is given
from a 300 V–50 A dc–dc converter, which mimics the dc microgrid. A dc-link capacitor of 2200 μF is used to maintain the
input voltage. A 50 V 600 μF capacitor is used a submodule
capacitance. All the results were captured on a diligent digital storage oscilloscope. The important point to note is that the
common coupling point of the converter does not use any inductor, which favors the reduction in losses. Furthermore, the
controller response for a sudden change in load is shown in the
bottom in Fig. 8, and it is verified that the controller responds
very quickly for sudden changes in load.
The results obtained in the experiment are in excellent agreement with the simulation results. The system output voltage with
the controller is shown in Fig. 9(a) with its FFT analysis. This

TABLE III
THD COMPARISON

figure shows that the resultant THD obtained with the controller
is 3.7%, which is slightly higher than the simulation but they
are in a close agreement.
All the lower order harmonics are completely mitigated. In
addition, the system circulating currents with the controller and
without the controller are shown in Fig. 9(b). Here, the circulating currents are 4 A (peak–peak) and 0.2 A (peak–peak)
without and with the controller, respectively. From these, it can
be claimed that the proposed controller is able to perform very
well for non-linear loads and can offer impressive improvement
in mitigating the circulating currents. Summary of the results is
given in Table III.
Hence, from this one can come to a conclusion about the
controller that it performs well at sudden load conditions as
well and it gets stabilized in less than 75 ms.
VI. CONCLUSION
This paper presented a comprehensive controller with a DB
scheme in conjunction with customized repetitive control to
mitigate the voltage/current harmonics and circulating currents,
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which is a potential challenge in parallel-connected converters.
The proposed system is initially implemented on the OPALRT real-time simulator further verified with a prototype. The
proposed RC scheme has mitigated the circulating currents in
the legs of the converter from 4 to 0.2 A and improved the
performance at dynamic load conditions. Implementation of the
DD loop control scheme results in effective improvement of
voltage and current profile and it is verified by calculating its
THD. In addition, the proposed controlling scheme is able to
operate for various ranges of loads and can be scaled for a larger
system as well. These types of schemes will, therefore, find its
perfect application in electrical locomotives.
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